Double minute chromosomes (DMs) have important implications for cancer progression because oncogenes frequently amplified on them. We previously detected a functionally undefined gene amplified on DMs, Ribosomal L22-like1 (RPL22L1). The relationship between RPL22L1 and cancer progression is unknown. Here, RPL22L1 was characterized for its role in ovarian cancer (OC) metastasis and its underlying mechanism was examined. DNA copy number and mRNA expression of RPL22L1 in OC cells was analyzed using data obtained from The Cancer Genome Atlas and the Gene Expression Omnibus database. An immunohistochemical analysis of clinical OC specimens was performed and the relationships between expression level and clinicopathological factors were evaluated. Additionally, in vivo and in vitro assays were performed to understand the role of RPL22L1 in OC. RPL22L1 expression was higher in OC specimens than in normal tissues, and its expression level was highly positively correlated with invasion and lymph node metastasis (P < 0.05). RPL22L1 over-expression significantly enhanced intraperitoneal xenograft tumor development in nude mice and promoted invasion and migration in vitro. Additionally, RPL22L1 knockdown remarkably inhibited UACC-1598 cells invasion and migration. Further, RPL22L1 over-expression up-regulated the mesenchymal markers vimentin, fibronectin, and α-SMA, reduced expression of the epithelial markers E-cadherin, α-catenin, and β-catenin. RPL22L1 inhibition reduced expression of vimentin and N-cadherin. These results suggest that RPL22L1 induces epithelial-to-mesenchymal transition (EMT). Our data showed that the DMs amplified gene RPL22L1 is critical in maintaining the aggressive phenotype of OC and in triggering cell metastasis by inducing EMT. It could be employed as a novel prognostic marker and/or effective therapeutic target for OC.
Introduction
Ovarian cancer (OC) is the second most common gynecological malignancy and the first cause of death [1] . Cancer metastasis, rather than primary tumors, are responsible for most cancer deaths [2] . Owing to a lack of definitive early symptoms and appropriate markers for OC diagnosis at an early stage, the majority of patients are diagnosed with late-stage OC accompanied with metastasis, which typically has a 5-year survival rate of < 30% [3] . It is critical to understand the molecular mechanisms involved in OC metastasis, and to determine efficient, specific, and sensitive molecular targets that can be applied to metastasis diagnosis, prognosis, and individual treatment.
Double minute chromosomes (DMs) are cytogenetic hallmarks of gene amplification [4] . DMs appear in various kinds of human cancer cells, but not in normal cells [5] . As extra-chromosomal elements carrying amplifications of genomic DNA sequences, DMs contribute to cancer formation and progression, oncogenes are frequently present in the amplified sequences and the proteins they encode are often over-expressed [6] . Examples of genes amplified on DMs include MYC in colon cancer [7] , MYCN in neuroblastoma [8] , EGFR in gliomas [9] , and EIF5A2 [10, 11] in ovarian cancer [12] . As DMs are vehicles of amplified genes including many oncogenes, functional studies of genes that are amplified on DMs is a good way to explore candidate oncogenes.
Our team previously identified 3q26.2 as an origin of DMs in the human ovarian cancer cell line UACC-1598, and a series of genes were co-amplified on the same ovarian DMs, including MYCN, EIF5A2, and RPL22L1 [13] . Both MYCN and EIF5A2 play important roles in cancer progression. However, the relationship between RPL22L1 and cancer is not known.
In this study, we showed that RPL22L1 is commonly over-expressed in clinical OC individuals and its expression level is strongly related to tumor invasion and metastasis. An in vivo experiment showed that forced expression of RPL22L1 promotes intraperitoneal xenograft tumor development in nude mice, and enhances cell migration and invasion in vitro. Furthermore, knocking it down with small interfering RNA (siRNA) inhibits migration and invasion in vitro. During this process, RPL22L1 over-expression resulted in elevated expression of mesenchymal markers such as vimentin and α-SMA, and decreased expression of epithelial markers, such as E-cadherin, α-catenin, and β-catenin, indicating that the induction of epithelial-tomesenchymal transition (EMT) may explain the observed increases in motility and invasion ability for metastasis. Our data showed that RPL22L1 plays an important role in the process of OC metastasis.
Materials and Methods

Ethic statement
This study were approved by the Ethics Committee of Harbin Medical University with the following reference number, HMUIRB20150023. The ovarian cancer tissue microarrays (TMAs) for immunohistochemistry were purchased from US BIOMAX (ov951, ov1912, ov6161; Rockville, MD, USA) and Xin Chao (HOva-Can90PT-01; Shanghai, China). Both companies provided ethical statements to confirm that the local ethics committees approved their consent procedures, all participants provided their written informed consents and all efforts had been made to protect patient privacy and anonymity. The ethical statements provided by companies and the protocol of experiment had been checked carefully and approved by Ethics Committee of Harbin Medical University (HMUIRB20150023). Four-week-old female BALB/c mice (specific-pathogen-free) were purchased from SLAC (Shanghai, China) and housed in the Harbin Medical University Animal Laboratory. Mice were housed under standardized light-controlled conditions at room temperature (24°C) and 50% humidity, with free access to food and water. Animal experiments were performed in strict accordance with the recommendations in the Guidelines of Laboratory Animal Usage of Harbin Medical University. The protocol was approved by the Ethics Committee of Harbin Medical University (HMUIRB20150023) and all efforts were made to minimize suffering.
Cell lines and cell culture
Human ovarian cancer cell line UACC-1598, SKOV3, HO-8910, and HO-8910PM were purchased from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). All cells were cultured following the methods described by the ATCC (Manassas, VA, USA), and were authenticated in 2012 at the Micro-read Genetics Company (Beijing, China) using a short tandem repeat analysis.
Preparation of metaphase spreads and fluorescence in situ hybridization (FISH) analysis Cells were harvested for metaphase spread preparation according to the methods described in previous studies [14, 15] and were stained with Giemsa. Two BAC clones, GFP-RP11-355H10, which specifically covers the MYCN (amplified in UACC-1598 and located on the DMs [13] ), and Cy3-RP11-726H11 for RPL22L1, were selected as DNA probes and hybridized to metaphase spreads of cells as described previously [16] . Chromosomes were counterstained with DAPI (4, 6-diamidino-2-phenylindole). Images were captured using a Leica DM5000 B fluorescence microscope (Wetzlar, Germany), and analyzed using the MetaMorph Imaging System (Universal Imaging Corporation, West Chester, NY, USA).
DNA copy number and gene expression analysis
The Oncomine DNA Copy Number Datasets (https://www.oncomine.org/resource/main. html) includes data deposited in The Cancer Genome Atlas (TCGA Ovarian 2 Dataset, http:// tcga-data.nci.nih.gov/tcga/) was used to determine the differences in DNA copy number between OC and normal blood / ovarian tissues. 607 ovarian serous cystadenocarcinoma, 431 normal blood, and 130 normal ovary tissue samples were analyzed. Data were obtained through the following steps: type gene name: RPL22L1 in the search box and in the browse tree select Primary Filters > Datasets type > DNA Copy Number Datasets. The result of TCGA Ovarian 2 is directly in the first, and graph was on the left. Click on the histogram button on the upper left corner of the graph title to get a histogram graph. On the group filters above the graph title, click on the triangle symbol, in the menu selected "Cancer and Normal Type" to make the analysis grouped by cancer and normal samples. Data access requires an academic email account. Authors should be contacted for login information if necessary.
Two independent microarray gene expression datasets were used. Both datasets were generated using the Affymetrix Human Genome U133 Plus 2.0 Array platform (Santa Clara, CA, USA). The raw.CEL files for the two datasets were downloaded from the Gene Expression Omnibus (GEO) website (GSE27651 and GSE28450) [17, 18] , and normalized using the RMA (robust multi-array average) algorithm [19] . Expression of RPL22L1 in samples was normalized to that of GAPDH and the fold-change in expression was calculated using the 2 -ΔΔCt method.
qRT-PCR
Western blot analysis
Cells were lysed at 4°C in RIPA (8990, Thermo Fisher Scientific, Waltham, MA, USA). Cell lysates containing 40μg of total protein from each sample were loaded onto 12% sodium dodecyl polyacrylamide gels and transferred to a polyvinylidene fluoride membrane (Millipore, Billerica, MA, USA). After blocking in 10% blocking solution (Roche), membranes were incubated overnight at 4°C with primary antibodies followed by 1-h incubation with antimouse/anti-rabbit secondary antibody (200-332-263/610-132-007, Rockland Immunochemicals, Limerick, PA, USA) at room temperature. Images were obtained using the Odyssey Infrared Imaging System (LI-COR Biosciences, Lincoln, NE, USA) and cropped using Adobe Photoshop CS5 (Adobe Systems Inc., San Jose, CA, USA), representative of five independent experiments. GAPDH was used as a control. The details of the primary antibodies are provided in the supplementary materials S1 Text.
Tissue microarray
The OC tissue microarrays (TMAs) were purchased from US BIOMAX (ov951, ov1912, ov6161; Rockville, MD, USA) and Xin Chao (HOva-Can90PT-01; Shanghai, China). Approval for this study was obtained before it was initiated from the local regional ethics committee. Written informed consent was obtained from all the participants.
Immunohistochemistry
Immunohistochemistry (IHC) studies were performed using PowerVision™ Two-Step Histostaining Reagent (Zhongshan Golden Bridge, Beijing, China) according to the manufacturer's instructions. In brief, TMA sections were deparaffinized and rehydrated. For antigen retrieval, TMA slides were microwave-treated in 10mM citrate buffer (pH 6.0) for 8 min. Endogenous peroxidase activity was blocked with 3% hydrogen peroxide for 10 min. The TMA slides were incubated with a 1:50 dilution of monoclonal against human RPL22L1 (1:50) overnight at 4°C in a moist chamber. The slides were then sequentially incubated with goat anti-rabbit IgG antibody-horseradish peroxidase conjugates for 30 min at 37°C, and 3 0 -3 0 diaminobenzidine was used as the chromogen substrate. Finally, all slides were counterstained for nuclei with hematoxylin, dehydrated, and mounted. For the negative control, the primary antibody was replaced with normal rabbit IgG. RPL22L1 immunoreactivity in TMA samples was evaluated by three pathologists. The intensity of immunoreactivity on TMAs was graded on a scale from 0 to 3 based on a consensus of the three investigators.
Vectors
RPL22L1-ORF was PCR amplified and cloned into the pcDNA3.1 (+) expression vector (Invitrogen, Carlsbad, CA, USA). The siRNA (h) and control siRNA were purchased from RiboBio (Q000200916-1-B, Guangzhou, China). The luciferase reporter plasmid pGL4.17 was kindly provided by Dr. ZH Zhong (Department of Microbiology, Harbin Medical University, Harbin, China).
Transfection
All plasmids and siRNAs were transfected into cells using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions.
Nude mouse tumor xenograft model 
Cell migration and invasion assays
Transwell cell migration and invasion assays were performed using Corning 8.0-mm Transwell inserts (8-μm pore size, 24-well plate) and BD BioCoat™ Matrigel™ Invasion Chambers (Corning Incorporated Life Sciences, Tewksbury, MA, USA) according to the manufacturer's instructions.
Wound healing assay
The cell monolayer was scratched with a 10-μl pipette tip (in a 6-well plate). Photographs (magnification, ×40) were taken immediately and at each 24-h post-wounding until the wounds were obviously healed. For each assay, the experiments were performed at nine different positions and the whole assay was repeated three times.
Immunofluorescence staining
Cells were fixed in methanol and blocked for 1-h with 10% normal goat serum, 0.3% bovine serum albumin, 0.05% saponin, and 0.3% Triton X-100 in PBS. The primary antibodies were added and incubated at 4°C overnight. Cells were later washed with PBS and incubated with fluorescence-labeled secondary antibody. A fluorescence microscope (Leica) was used to capture the images.
Statistics
The RPL22L1 protein expression levels of TMAs were analyzed by Wilcoxon's signed-rank tests. The χ 2 test was used to examine associations between gene expression and clinical parameters. Other data were expressed as means ± SD, and the statistical significance of differences between two groups was evaluated using two-tailed independent Student's t-tests. Statistical significance was declared if P < 0.05. Calculations were carried out using SPSS 13.0 (IBM; Armonk, NY, USA).
Results
RPL22L1 was amplified via DMs and over-expressed in UACC-1598 cells
The OC cell line UACC-1598 contained amplified genes in the form of DMs. Oncogene amplification on DMs is representative of tumorigenesis, but does not occur in normal cells (Fig 1A) .
Using a FISH analysis, we detected amplified regions of RPL22L1 that co-localized with MYCN on DMs (Fig 1B) . Furthermore, we detected the amplification of RPL22L1 in normal ovarian tissues, human lymphocytes, and UACC-1598 cells using PCR (Fig 1C) . We also examined the amplification of RPL22L1 in another three ovarian cancer cell lines (S1 Fig). RT-PCR confirmed the expression of RPL22L1 in different samples (Fig 1D) . These results indicated that RPL22L1 was amplified via DMs in UACC-1598 cells. 
DNA copy number and expression level of RPL22L1 in clinical OC samples
To determine the amplification of RPL22L1 in clinical, we used the Oncomine database (https://www.oncomine.org) to analyze the DNA copy number profiles of the RPL22L1 in a TCGA ovarian dataset (TCGA Ovarian 2, http://tcga-data.nci.nih.gov/tcga/) [20, 21] . This dataset clearly indicated a significant increase in the DNA copy number of RPL22L1 in OC compared to normal blood and ovarian tissues, threshold by P < 10 −4 (Fig 2A) .
Further, we obtained publically available GEO expression datasets to analyze the expression of RPL22L1 in OC samples. Two GEO datasets based on the Affymetrix Human Genome U133 Plus 2.0 Array were used to evaluate RPL22L1 mRNA expression levels in OC and normal ovarian tissues. In each of the two datasets, RPL22L1 expression was significantly higher in OC than normal ovarian tissues (Fig 2B and 2C , P < 0.05, Student's t-test).
To further examine the protein expression level of RPL22L1 in clinical specimens, four OC TMAs were used for IHC analyses. Staining intensity was estimated using an index of 0-3 in the cell nucleus and cytoplasm (S2 Fig). RPL22L1 was clearly expressed more highly in OC . Two independent microarray gene expression datasets (B) GSE29405 and (C) GSE27651 from GEO website were used to examine the expression level of RPL22L1 in OC. The raw.CEL files for the two databases were downloaded and normalized by RMA. RPL22L1 was more highly expressed in OC than in normal ovarian tissue (* P < 0.05, independent Student's t-test). Representative pictures of RPL22L1 protein expression in (D) OC and (E) matched adjacent normal tissue by IHC (magnification, ×400). cytoplasm than in that of the adjacent normal tissues (Fig 2D and 2E ) (P = 0.008, Wilcoxon's signed-rank test).
We examined the associations between RPL22L1 protein expression levels and clinicopathologic variables. RPL22L1 expression in cytoplasm of OC cells was strongly associated with stage, invasion, and lymph node metastasis (P < 0.05, Pearson's χ 2 test, Table 1 ). These results indicated that the expression of RPL22L1 is commonly higher in clinical OC specimens, and its expression level is associated with tumor progression, especially with invasion and lymph node metastasis.
RPL22L1 enhanced intraperitoneal xenograft tumor development in vivo
To detect the role of high level RPL22L1 in tumor progression, we selected an OC cell line with low RPL22L1 expression, SKOV3, for further functional studies (Fig 3A) . SKOV3 cells were stable transfection with luciferase previously and then stable transfection with RPL22L1 ( Fig  3B and 3C) . To explore the role of RPL22L1 in tumor progression in vivo, we intraperitoneally injected SKOV3-RPL22L1 and control cells into nude mice. The xenografted tumors were measured using bioluminescence at the 30 th day after injection, area of xenograft tumor in mice with SKOV3-RPL22L1 cells injected was larger than that of control cells injected ( Fig  3D) . The result suggested that high level of RPL22L1 contribute to tumor development.
RPL22L1 promoted OC cell migration and invasion
To confirm the role of RPL22L1 in OC cells, UACC-1598 cells were treated with three specific siRNAs against RPL22L1 (siRNA-1, siRNA-2, and siRNA-3). Since siRNA-2 exhibited the Fig 4) . Cell growth rate was analyzed by an MTA assay, RPL22L1 had no influence on cell proliferation (data not shown). These results suggested that high level of RPL22L1 enhances OC cells migration and invasion.
The expression level of RPL22L1 influences OC cell line EMT
It has become increasingly clear that EMT is an integral component of the progression of epithelial-derived tumors [22, 23] . We found that SKOV3-RPL22L1 cells exhibited a spindleshaped and fibroblastic morphology whereas 1598-siRPL22L1 cells exhibited shrinkage shapes and increased cell-cell adhesion (S4 Fig) . Therefore, we examined whether RPL22L1 induced EMT could account for the RPL22L1-mediated changes in cells motility and invasion. Biochemical hallmarks of EMT include the loss of expression of epithelial marker proteins and concurrent increase in mesenchymal marker expression [22, 24] . Western blots and immunofluorescence analyses were used to evaluate the expression of epithelial and mesenchymal markers. After ectopic over-expression of RPL22L1 in SKOV3 cells, the expression of epithelial makers, such as E-cadherin, β-catenin, and α-catenin decreased, whereas the expression of vimentin, α-SMA, and fibronectin increased (Fig 5A and 5B) . In 1598-siRPL22L1 cells, the expression levels of the mesenchymal markers vimentin and N-cadherin were degraded ( Fig  5C) . These results suggested that the expression level of RPL22L1 influences EMT in OC cells. 
Discussion
DMs are malignant cytogenetic markers and are closely correlated with tumor progression [4] . Previously, we determined that RPL22L1 amplified on DMs, but its function is unclear. Many oncogenes are amplified via DMs in malignant tumor cells [34.38.39] , such as EIF5A2 and MYCN, both of which are located at the same locus as RPL22L1 on DMs. We inferred that RPL22L1 may be involved in OC progression, and verified this in a series of in vitro and in vivo assays.
Using publically available TCGA and GEO expression datasets we found both DNA copy number and mRNA expression of RPL22L1 was significantly higher in OC tissues than in normal ovarian tissues. Protein expression of RPL22L1 was examined by IHC using four OC TMAs. We found that RPL22L1 expression was frequently higher in OC tissues compared with The results of the IHC analysis indicated that RPL22L1 may be involved in the pathogenesis of OC progression especially in metastasis. To confirm this hypothesis, nude mouse tumor xenograft, wound-healing, transwell migration, and Matrigel invasion assays were carried out to investigate the role of RPL22L1 in regulating OC cells motility, invasion. Over-expression of RPL22L1 obviously promoted tumor development in vivo and increased the migration and invasion ability of three OC cell lines in vitro. Moreover, the knockdown of endogenous RPL22L1 by siRNA in UACC-1598 cells inhibited migration and invasion in vitro. Migration and invasion are two important stages in tumor metastasis [25] , and these functional assays strongly suggested that RPL22L1 plays an important role in promoting tumor metastasis via enhancing cell migration and invasion.
Many biological processes are associated with migration and invasion including EMT, a key event in tumor invasion and metastasis [26] . Over-expression of RPL22L1 reduced the expression of epithelial marker proteins (E-cadherin, β-catenin, and α-catenin) and increased the expression of mesenchymal markers (vimentin, α-SMA, and fibronectin), which are biochemical hallmarks of EMT [24, 27, 28] . However, after knockdown of RPL22L1 in UACC-1598 cells, the mesenchymal markers vimentin and N-cadherin were obviously down-regulated. EMT plays a critical role in promoting metastasis and during this process cells obtain migration and invasion capabilities, which promote metastasis [29, 30] . Accordingly, we inferred that the over-expression of RPL22L1 likely induced EMT to promote cell invasion and metastasis.
RPL22L1 is a paralog of RPL22, which is a RNA-binding protein component of the 60S ribosomal subunit. Ribosomal proteins are major components of ribosomes where cellular proteins are synthesized. To date, approximately 80 ribosomal proteins have been identified. In addition to their key roles in protein synthesis, some ribosomal proteins are involved in extraribosomal functions, such as DNA repair, apoptosis, transcription regulation, and translation regulation [31] [32] [33] [34] [35] [36] . An increasing number of reports have suggested that ribosomal proteins have oncogenic potential [37] [38] [39] . Recently, RPL22 has been found to be mutated or down-regulated in various cancers, including T-acute lymphoblastic leukemia, invasive breast carcinoma, and lung adenocarcinoma. Additionally, RPL22 directly represses the expression of RPL22L1 mRNA, and a lack of RPL22 causes a compensatory increase in RPL22L1 [40, 41] . These studies ort our conjecture regarding the role of RPL22L1 in cancer progression.
Taken together, our results suggested that RPL22L1 plays an important role in OC progression by enhancing cell invasion and metastasis via inducing EMT. As RPL22L1 is a DM carried amplified gene, our data could help explain the function of DMs in cancer. RPL22L1 is a novel gene that is correlated with metastasis, and studies aiming to elucidate its function and modes of action may improve our understanding of the mechanisms underlying metastasis in OC.
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